The acid and base catalyzed simultaneous twin polymerization (STP) of various 2,2'-disubstituted 4H-1,3,2-benzodioxasiline derivatives 2a-d with 2,2'-spirobi[4H-1,3,2-benzodioxasiline] (1) are presented in this paper. The products are nanostructured ternary organic-inorganic hybrid materials consisting of a cross-linked organic polymer, silica and a disubstituted polysiloxane. It can be demonstrated whether and in which extent the copolymerization of the two inorganic fragments of 1 and 2 takes place among the STP and how the molar ratio of the two components determines the structure formation of the resulting hybrid material. Steric and electronic effects of the substituents at the silicon center of 2 on the molecular structure formation and the morphology of the resulting hybrid material were investigated by means of solid state CP MAS
Introduction
The fabrication of organic-inorganic hybrid materials has been reported for a variety of material combinations. Hybrid materials can be classified by different categories such as molecular composition, morphology, geometry of internal assembly of the components, external shape, or size.
1-3 Therefore, the diversity of possibilities of organic-inorganic hybrid material makes the nomenclature difficult. 4 According to Sanchez, they can be classified in terms of the nature of the bonds between the organic and the inorganic phase. Class I hybrid materials have only weak bonds (hydrogen, van der Waals or ionic bonds) between the organic and the inorganic compound, whereas in class II materials both phases are connected by covalent bonds. 5 The synthesis of organic-inorganic hybrid materials containing two different polymers can be carried out by three different strategies: simultaneous polymerization of two different monomers [6] [7] [8] (SP), polymerization of heterobifunctional monomers 9, 12, 13 (HP) and twin polymerization 10, 11 (TP).
The twin polymerization is based on single source monomers which combine an organic moiety directly connected to an inorganic one by covalent bonds. The twin monomer undergoes polymerization to a hybrid material which finally consists of an organic and an inorganic polymer. The two polymers are formed in one mechanistically coupled process either through acid or base catalysis or simply by thermal treatment. If phase separation can be avoided, the resulting polymers form interpenetrating networks. The nature of the catalyst, the molecular structure of the twin monomer used and the turnover of the reaction determine whether a class I or class II hybrid-material is obtained and thus the physical properties thereof. 10, 11 Hybrid materials derived from TP are not limited to the formation of only two polymers. TP also provides an elegant strategy to generate more than two polymers in one procedure by simple mixing of more than one kind of TM and polymerize them to an organic-inorganic hybrid material using the simultaneous TP (STP).
14 If twin monomers with the same organic fragment are combined, two theoretically possible scenarios result according to Fig. 1 . 2,2′-Spirobi[4H-1,3,2-benzodioxasiline] 1 bases on salicylic alcohol as organic moiety. 10, 11, 15 It is an ideal twin monomer because polymerization gives phenolic resin and silica without the formation of low molecular weight condensation byproducts. The exchange of one unit of salicylic alcohol provides a variety of different monomer structures. The objective of this work is the study of the STP of various 2,2′-disubstituted 4H-1,3,2-benzodioxasiline derivatives 2a-d with 1 (Scheme 1). The twin polymerization of monomer 1 has been well documented in the literature. [16] [17] [18] [19] Thermal polymerization, acid or base catalysis is possible to achieve product formation. 20 This low temperature elasticity of the inorganic network and the restriction to the formation of linear polymer chains or rings are the main differences to monomer 1. This needs to be considered when investigating the properties of the resulting polymers from STP of 1 and 2. Phenolic resin as an organic polymer is built from both monomers during STP. In principle, the simultaneous polymerization of the two monomers 1 and 2 can cause different scenarios depending on the inorganic fragment of the monomers which do or do not react with each other to copolymers. According to Sanchez, the different scenarios would result in different classification of the materials (Fig. 1) . Especially the mechanical properties could be influenced by the copolymerization of the inorganic fragments. The polysiloxane of monomer 2 can act as internal plasticizer in the hybrid material due to its low glass transition temperatures (T g ). This covalent linkage is an advantage compared to external plasticizers which can migrate easily and have lower long term stability.
The aim of this study is to analyze whether and in which extent the copolymerization of the two silicon fragments of 1 and 2 takes place among STP and how the molar ratio of the two components affects the overall structure formation and properties of the resulting hybrid material.
Experimental

Materials and methods
All solvents were purified and dried by applying standard techniques. The reactions were carried out with freshly distilled, dried solvents and under inert atmosphere. Salicylic alcohol (99%) was used as purchased from Alfa Aesar. Ethyldichlorosilane (97%) was used as purchased from TCI. Methylphenyldichlorosilane (98%) was used as purchased from Fluka. Diphenyldichlorosilane (99%) and dicyclohexyldichlorosilane (97%) were used as purchased from ABCR. Triethylamine was used as purchased from Roth.
1 H, 13 (CP) technique with contact time of 3 ms to enhance sensitivity, with a recycle delay of 6 s and 1 H decoupling using a TPPM (two puls phase modulation) puls sequence. The spectra are referenced with respect to tetramethyl silane (TMS) using TTSS (tetrakis(trimethylsilyl)silane) as a secondary standard (3.55 ppm for 13 C, −9.5 ppm for 29 Si). If not stated otherwise, all spectra were acquired at room temperature. In principle, the cross polarization technique used is not quantitative because the efficiency of polarization transfer from 1 H to 29 Si is different for the different silicon-species, depending on experimental parameters like the contact time.
The intensity of NMR-signals of silicon atoms with hydrogen in close proximity (D-species) is enhanced. As a consequence it is not useful to integrate these spectra (D vs. Q) because it will not give the real concentration. However, all measurements were performed under identical experimental conditions. This allows to compare the spectra of the hybrid materials among each other. Ultra-thin samples for TEM were prepared by Ultramicrotomy. The polymer was therefore embedded in Epofix resin (Struers; Denmark) and cut at room temperature. HAADF-STEM images were recorded on a Tecnai G2-F20ST machine (FEI Company, USA) operated at 200 keV. Images were evaluated using the Olympus (Japan) iTEM 5.2 (Build 3554) and FEI TIA 4.1.202 software packages. In the HAADF-STEM images presented in this work, bright contrast corresponds to heavier elements like Si or denser sample regions.
The nanoindentations were conducted using a Nanoindenter UNAT with a Berkovich diamond indenter. The hardness and Young's Modulus were measured using the following experimental parameters: maximum load of 5 mN, the holding time was 180 s, 18-28 experiments of indentation were performed for each sample at 18-28 different locations, the average of all measurement for each sample was used. The experiments were carried out at room temperature. The Oliver and Pharr method was employed to extract the mechanical properties using a Poisson's ratio of 0.4.
Synthetic procedures
General procedure for the synthesis of compound 2a-d. A solution of 1 equivalent dichlorodialkylsilane in 70 mL toluene was slowly added to a stirred solution of 1 equivalent salicylic alcohol and 2 equivalents triethylamine in 200 mL toluene at 50°C. The mixture was stirred at 65°C for 2 h. The resulting precipitate was removed by filtration under inert conditions. Excess of toluene was removed under reduced pressure. The crude product was purified by distillation (2a: 0.3 mbar/50°C; 2b: 0.3 mbar/130°C; 2c: 0.4 mbar/180°C; 2d: 0.15 mbar/188°C).
2-Methyl-2-phenyl-4H-1,3,2-benzodioxasiline (2b 
Polymerization
The combination of the desired monomers 1 and 2a-d was mixed and heated at 80°C to give a clear melt. After cooling the mixture at room temperature for 5 minutes the catalyst was added. Coloured monolithic polymers are obtained due to the phenolic resin compound. The polymers cooled to room temperature and dried in a desiccator over calcium chloride. In case of the trifluoromethanesulfonic acid (TFA) the temperature was 85°C with a monomer/catalyst ratio of 20 : 1. Base catalysis with 1,8-diazabicyclo [5.4 .0]undec-7-ene (DBU) used temperatures between 100 to 140°C and a monomer/catalyst ratio of 50 : 1 or 100 : 1.
Extraction
About 1 g of the resulting powdered polymer material was placed in an extraction thimble (19 × 90 mm) of Fischerbrand and soxhlet-extracted with 200 mL dichloromethane for 30 h. The residue was dried at 40°C and 50 mbar until the weight was constant. Excess of dichloromethane was removed under reduced pressure to give the extract.
Results and discussion
Simultaneous twin polymerization of two monomers -ternary organic-inorganic hybrid materials (Fig. S2 , S3, S6 and S7 †). The onset temperatures for the thermally induced twin polymerization were monitored by exothermic peaks varying between 184 and 219°C. There is no clear observable trend regarding the molecular structure of monomer 2. A slightly reduced trigger temperature, compared to pure 1, was found only for the mixture of 1 and 2c. Base catalyzed twin polymerization is readily suitable for all mixtures of monomers 1 and 2, with polymerization temperatures about 107°C. Herein the combination of both monomers (except 2d) reduces the trigger temperatures, compared to the single monomers 2, when catalyzed with DBU (Fig. S3 †) .
In comparison to the single monomers 2 with TFA ( Fig. S2 †) , the polymerization trigger temperatures of the monomer mixtures with TFA are reduced below 85°C.
According to the results of the DSC measurement, the polymerization experiments were performed in monomer melt with TFA and DBU at temperatures of 85°C and 110°C, respectively.
Acid catalyzed STP
The polymerization experiments for the TFA catalysis are summarized in Table S3 † and Fig. 2 . The monomer ratio 1 : 2 n% was varied. Optically transparent and homogenous hybrid materials were obtained for the monomers 2a, 2b and 2c with 1 (Table S3 †) . The transparency of the hybrid material decreases with increasing amount of monomer 2d. Fig. 2 shows the hybrid materials derived from STP of 1 + 2b as an example in comparison to the materials obtained from STP of 1 + 2d.
The effect of silicon alkyl/aryl substituents and monomer ratios of 1 and 2 on the molecular structure of the hybrid materials were studied by solid state NMR spectroscopy. Fig. 3A ) and in para position at 120-124 ppm (o,o′-substitution, see signal 3 in Fig. 3A) . meta Position linkages can be monitored at 127-135 ppm, but they overlap with residual signals from ortho-and para-substituted phenolic carbon atoms (signals 2 in Fig. 3A) . The phenoxy carbon atoms appear at 149-156 ppm for both, C aryl -OH-and C aryl -O-Si-units, and can therefore not be separated. 26 Although 13 C-{ 1 H}-CP-MAS-NMR spectra are not really quantitative, there is a high amount of o,p′-substitution in the hybrid material as signal 4 is more intense than signal 3 (Fig. 3A) , assuming the polarization transfer for all aromatic carbons is in the same order of magnitude. Additional signals at 58-73 ppm (Fig. 3A) indicate methylene carbon atoms 27 due to still existing Si-O-CH 2 groups of the monomers 2a-d. These units are reactive which is shown in DSC measurements of the hybrid materials derived from monomers 2a-c. An exothermic peak due to thermal postcuring is detected (Fig. S9 †) . In contrast, no exothermic peaks in DSC curves are observed for hybrid materials based on 2d although there are many sharp signals in the 13 C-{ 1 H}-CP-MAS-NMR spectra denoting high mobility in the solid state. These signals originate from unconverted residuals of monomer 2d (signal at 65 ppm) which is also verified through extraction experiments with DCM (Table S3 †) . Extraction experiments give the possibility to determine the amount of conversion and to study the structure of side reactions and oligomeric products which are removable from the hybrid material. The mass loss after extraction of all samples (STP of 1 and 2) varies significantly from 6-100%, whereas a clear dependence of the extractable fraction on the monomer ratio can be identified (Fig. 2) . The mass loss increases with increasing amount of monomer 2 in the hybrid material which relates to the not crosslinked inorganic compound derived from this monomer. The inorganic moieties of the hybrid material derived from 1 and 2 can either build two homo polymers of SiO 2 and polysiloxane or react with each other to build a copolymer. In case of monomer 2a the formation of copolymer was proven by solid state NMR spectroscopy and extraction experiments of the hybrid material with acetone and DCM. 14 Extraction of the hybrid materials with DCM reduces the intensity of the D 2 signal compared to the D(Q) signal (Fig. S8 †) . This is due to the solubility of the polysiloxane homopolymer in the extraction solvent DCM, whereas the polysiloxane cannot be extracted if covalently bound to the silica (= copolymer).
The hybrid material based on monomer 2d also shows additional sharp signals in the 29 Si solid state NMR which relates to the 13 C solid state NMR spectrum. After extraction with DCM, only weak D 2 and D(Q) signals remain in the 29 Si solid state NMR spectrum indicating low tendency of copolymerization of polydicyclohexylsiloxane (PDHS) with SiO 2 and a higher part of oligomers of PDHS (Fig. 4A) . No homopolymerization of 2d to large cycles or high molecular weight PDHS can be noticed which correspondes well with the results of DSC measurements. This confirms the decreasing reactivity of 2 in STP in accordiance to the steric demand of the monomers because monomer 2d has, compared to monomer 2a, very sterically demanding substituents. Moreover, hybrid materials derived from 2a-c show similar ratios of Q 2 , Q 3 and Q 4 . In case of 2d a higher amount of Q 2 is detected. Monomer 2d seems to act as a solvent, to dilute the polymerization mixture and to disrupt the TP of 1 due to its very low tendency to polymerize. 
Base catalyzed STP
The polymerization experiments of STP catalyzed with DBU are summarized in Table 2 . The following experimental parameters were modified: concentration of catalyst, polymerization time and polymerization temperature. The monomer ratio 1 : 2 was 50 : 50 n% for all experiments. Compared to TFA catalysis, the polymerizations were performed with reduced catalyst concentrations because otherwise optically inhomogeneous products are formed. 31 This is due to a mixing problem when adding the catalyst to the monomer mixtures resulting in very high local concentrations of active species at high concentrations of DBU. The concentration of catalyst strongly influences the necessary polymerization time and temperature required to form a hybrid material. And therefore, in comparison to the acid catalyzed STP, the base catalyzed STP demands longer polymerization times and higher polymerization temperatures to form solid hybrid materials. Although the temperature of 110°C was found to be a suitable polymerization temperature for all mixtures according to previous DSC measurements (Table 1) , the temperature was increased up to 140°C for three experiments to ensure solidification of the hybrid materials. The polymerization time differs from 3 to 8 hours. The products are optically transparent and homogenous hybrid materials (Table S4 †) . Only the material obtained from monomer 2d is non transparent and flexible due to 2d showing low tendency to perform TP as shown for TFA catalyzed STP. The 13 C-{ 1 H}-CP-MAS-NMR spectra of the hybrid materials
show the typical signals for phenolic resin and dialkyl(aryl) siloxane units, indicating that the molecular structure is similar to the acid catalyzed polymerization. Fig. 5 shows the CP-MAS-NMR spectra of the products obtained from 2b with different concentration of catalyst as an example. It can be noticed that the ratio of signal 3 and 4 indicating o,p′-and o,o′-substitution is different from the acid catalyzed polymerization. In case of the base catalyzed polymerization o,o′-substitution is preferred due to higher polymerization temperatures. In case of thermal TP of 1, o,o′-substitution is clearly obtained in majority. The effect of rearrangement of o,p′-substitution to o,o′-substitution at higher temperatures has been described in literature. already low conversion of monomers which can be traced back to the high polymerization temperatures. Nevertheless, many reactive SiOR intermediates remain which can be removed for example by extraction of the hybrid materials (Table S4 †) . The extracts also consist of oligomers of the phenolic resin built during STP. However, a higher concentration of catalyst decreases the mass loss by extraction. Thus, conversion of monomers is enhanced in case of M : I of 50 : 1 n% in comparison to 100 : 1 n%. For both concentrations of DBU the resulting hybrid materials can be post cured as monitored by DSC measurements which is shown for monomer 2b (Fig. S11 †) . Higher concentrations of DBU (50 : 1 n%) give an exothermic signal starting at 71°C during heat treatment. This temperature is typical for the base catalyzed STP of 2b and 1 (Table 1) . Thus, small amounts of catalytic active species remain in the hybrid material. In this case, increasing the polymerization time can increase the conversion of the monomers. If a smaller amount of catalyst is applied, the post curing of the material occurs at 168°C. This temperature is close to the thermal induced polymerization of 2b and 1 which takes place at 200°C.
Morphology and mechanical properties
HAADF-STEM analysis of selected samples show fine and dense silicon rich structures with nanoclusters of 1-2 nm in size. The size of nanostructures can be controlled by the ratio of the two monomers 1 and 2, as shown in Fig. 6 for monomer 2a. An increasing amount of monomer 1 in the reactant mixture produces smaller nano domains of the final product. All hybrid materials derived from TFA catalyzed STP of 1 and 2 show similar nanostructures without any clear trend regarding the chemical structure of different monomers 2a-d (Fig. 7) . Electron micrographs of the hybrid material obtained with 1 and 2d in equimolar ratio (2d50) show a special feature within the samples: a very porous structure with holes in the size of several hundred nanometers is visible at lower magnification. The pores result from unconverted monomer 2d which is dissolved during sample preparation for STEM measurements. The remaining material consists mainly of polymer derived from 1 with only small amount of 2d and shows the nanostructured domains of the phenolic resin and the silica/ oligodicyclohexanesiloxane. The high amount of unconverted monomer 2d and hence the phase separation between monomer and polymer in the nm scale is the reason for the macroscopic non-transparent monoliths which is also confirmed by the STEM analysis. DBU catalysis of monomers 1 and 2 in equimolar ratio results in hybrid materials which typically show nanostructure domains of 1-2 nm that are similar to acid catalysis. The Young's modulus and hardness of the surface of the hybrid materials obtained from the acid catalyzed STP of 1 and 2 were measured by nanoindentation analysis (Table S5 †) . The mechanical attributes as a function of the monomer ratio were measured using monomer 2b as selected example. Fig. 8 illustrates a linear trend of Young's modulus and hardness as function of the 1 : 2b ratio. Both, Young's modulus and hardness, increase with an increasing amount of monomer 1 in the hybrid material. This trend was also observed for the combination of monomer 1 and 2a in the same order of magnitude. 15 was observed through nanoindentation. 34 These hybrid materials were prepared by ultraviolet curable technique based on epoxy acrylate as continuous organic phase and silica nanoparticles (5%) as discontinuous inorganic phase In this case, nanoindentation hardness also increased with the content of nanosilica. Both, Young's modulus and hardness, decrease with an increasing steric demand of the substituents of 2 for a 1 : 2 ratio of 50 : 50 (Table S5 , Fig. S12 †) . No values were measured for the material TFA/2d50/20 due to its softness. It is assumed that the mechanical properties of the resulting hybrid materials are also influenced by the glass transition temperatures of the polysiloxanes originating from monomer 2. The T g increases from PDMS and PMPS to PDPS with increasing size of the substituents at the silicon atom. 20 However, it could be shown that the values for hardness and Young's modulus decrease from PDMS to PDPS. It is important to note, that the nanoindentation was measured at the not extracted hybrid materials. These show a certain amount of monomer or oligomers resulting from an incomplete turnover which are removable and make the material soft. This amount increases from PDMS to PDPS although the materials were treated at the same reaction parameters (Fig. 2) . The effect of different organofunctional groups on the hydrolysis reaction at the silicon of silane esters for the acid and base catalysed reaction was studied in the literature. 35 Herein the reaction rate decreased from methyl-to phenyl-to cyclohexyl-substitution. This is in correlation with the different reactivity of the monomer 2a-2d and hence less turnover during polymerization reaction resulting in less hard hybrid materials.
Conclusion
Ternary organic hybrid materials consisting of phenolic resin, SiO 2 and polysiloxane were synthesized by acid or base catalyzed simultaneous twin polymerization of two twin monomers (1 and 2a-2d). Phenolic resin as organic polymer is formed by both of the monomers, but the different monomers 1 and 2 deliver different inorganic polymers. In case of monomer 2a, 2b and 2c the inorganic fragments react with each other to copolymers. 2d shows only low tendency to form copolymers with SiO 2 . The corresponding covalent linkage were monitored by 29 Si-{ 1 H}-CP-MAS-NMR spectroscopy showing D(Q) signals. Hence, STP of 1 and 2 proceeds effective according to the reactivity of the monomers. Increasing steric demand of the substituent in the 2,2′-disubstituted 4H-1,3,2-benzodioxasiline lead to low and incomplete conversion. The nature of the catalyst influences the course of reaction and the molecular structure of the products. According to Sanchez and Mackenzie, the products represent a new class of hybrid materials having one organic polymer mixed on the nanoscale with two inorganic polymers linked through covalent bond (Co-STP). HAADF-STEM analysis verified the dense nanostructure with domains of 1-2 nm in size. The Young's modulus and hardness at the surface of the hybrid materials can be adjusted by the monomer ratio 1 : 2. 
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